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Abstract
The plant efficiency of a nuclear fusion power plant is considered. During nominal operation,
the plant efficiency is determined by the thermodynamic efficiency and the recirculated power
fraction. However, on average the reactor operates below the nominal power, even when the
long shutdown periods for large maintenance are left outside the averaging. Hence, next to the
recirculated power fraction the capacity factor must be factored in. An expression for the plant
efficiency which incorporates both factors is given. It is shown that the combination of high
recirculated power fraction and a low capacity factor, results in poor plant efficiency. This is
due to the fact that in a fusion reactor the recirculated power remains high if it runs at reduced
output power. It is argued that, at least for a first generation of power plants, this combination
is likely to occur. Worked out example calculations are given for the models of the power plant
conceptual study. Finally, the impact on the competitiveness of fusion on the energy market is
discussed. This analysis stresses the importance of the development of plant designs with low
recirculated power fraction.
Keywords: plant efficiency, capacity factor, PPCS, recirculated power, recirculating power,
roadmap, DEMO
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1. Introduction
Nuclear fusion holds the promise of safe, clean and CO2-free
and virtually unlimited energy. Yet, it still has a number of
serious technological problems to overcome before it can be
deployed as a commercial power source. Many of these will
be addressed by the international ITER experiment, presently
under construction. After ITER, the EUROfusion roadmap
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foresees the construction of a DEMO reactor, after which the
scene is set for the first generation of commercial fusion power
plants [1]. An analysis of what such reactors might look like
was presented in the comprehensive EFDA power plant con-
ceptual study (PPCS) [2]. Herein, a range of reactor models A
to D is considered, where the models A and B are based on
physics and technology close to what is presently available,
whereas the more advanced models C and D make signifi-
cant extrapolations. All models are based on the steady state
tokamak concept, which requires a non-inductive drive of the
toroidal plasma current. In this paper, we shall use the PPCS
as reference. The early models of these reactors will be char-
acterised by a high recirculated power fraction ( f recirc), which
is the power that is taken from the gross electric output and
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recirculated back to the operation of the power plant itself,
mainly consisting of the power needed to drive the plasma
current, to pump the coolant and to run the cryoplant. A high
recirculated power is detrimental to the plant efficiency and
economy, a point that has been made in the literature, mostly
as an incentive for the development of efficient current drive
systems [2–6].
In this paper we introduce a new element into the discus-
sion, namely that the effective—averaged over time—output
power will necessarily be lower than the nominal or
‘nameplate’ power. For most energy sources it is normal to on
average run below the nominal power. It is expressed by the
capacity factor χ, i.e., the time-averaged power normalised to
the nameplate power. As long as the recirculated power is a
small fraction of the output power, the capacity factor has lit-
tle influence on the plant efficiency (ηplant). For example, inte
rmittent sources such as wind or solar have a low capacity fac-
tor, but they have almost no recirculated power. For a fusion
power plant, of which the power consumption remains high
when it runs at an output power below its design value, the
situation is different. Combining a high recirculated power
fraction with an average output below the nominal power oper-
ation, fusion power plant are liable to operate in a regime
in which the plant efficiency, and hence the net electricity
production, is much lower than presently assumed.
In this paper we are primarily interested in the first gener-
ation commercial power plant, which are most likely to suffer
from the combination of high recirculated power and rela-
tively low capacity factor. But we will keep the discussion as
general as possible, using values from PPCS, DEMO and other
publications to guide our estimations.
For a generic power plant with conversion efficiency ηconv,
recirculated power fraction f recirc, and capacity factor χ, the
plant efficiency is given by3
ηplant = ηconv(1 − f recirc/χ), (1)
where the factor Fred = (1 − f recirc/χ) gives the reduction of
the plant efficiency compared to the nominal value. Figure 1
shows how Fred depends on f recirc and χ, showing that as
long as the recirculated power fraction is small, the plant effi-
ciency is not affected much by the capacity factor. Conversely,
the capacity factor is of great importance for a plant with a
high recirculated power fraction4. A plant consuming half of
its nominal output power to run itself, does not produce any
net electricity if it runs at half of its nominal capacity. But also
for more favourable values of f recirc and χ, the reduction of the
plant efficiency can be substantial. The graph also shows the
expectation values for both quantities which we will estimate
in this paper.
3 It is shown in section 4 how this formula is constructed from first principles.
4 The capacity factor and the recirculating power are approximated as being
independent: the tokamak runs at the same plasma current and magnetic field
independent of its output power. However, the bootstrap current and current
drive efficiency do depend in non-trivial ways on the temperature and density
of the burn equilibrium and the (less important) pumping power on the output
power, but for the analysis in this paper these effects can be neglected.
Since steady state fusion reactors of the tokamak family
have relatively high f recirc, it is important to evaluate how this
works out in combination with a realistic estimate of χ. To
evaluate these parameters, we will make a breakdown of the
operation into periods of operation (which can be at less than
nominal power, but require full recirculated power), short peri-
ods of maintenance (during which there is no power produ
ction yet still some power is needed to run the plant) and the
long shutdown periods when the plant is switched off, e.g., for
the replacement of the blanket. With the results of this analysis
we can estimate expected values of χ and f recirc, and hence the
power plant efficiency. Finally, we discuss the consequences
for the competitiveness of the fusion power plant on the energy
market.
2. Availability, maintenance and capacity factor
2.1. Definitions
Figure 2 summarises the definitions we will use in the fol-
lowing. These are in agreement with those commonly used in
the literature, with an extra specification: a fusion power plant
is expected to have regular periods of planned shutdown for
the replacement of the divertor and/or blanket modules. The
fraction of time the reactor is ready to operate is captured by
the ‘availability’. The PPCS assumes this availability to be in
the range 0.7–0.8. In this paper we apply the analysis of the
plant efficiency only to the periods when the plant is available.
Yet, in periods of availability the reactor will not run at nominal
power at all times, as indicated in the schematic. This is cap-
tured by the capacity factor χ—ranging from 0 to 1—which
is defined as the energy generated over a period of time, nor-
malised to the energy that would have been generated had the
plant run at nominal capacity all the time. This definition is
commonly based on the net electric output. However, since
in the analysis below the net electric output will depend on
the fraction of recirculated power, we choose to define χ on
the basis of the thermal power, so as to keep the two variables
independent. Hence,
χ = 〈Pth〉/Pth,nom, (2)
where Pth denotes the thermal power of the plant, Pth,nom the
nominal thermal power and the brackets denote averaging
over an operation period (i.e., when the plant is available). In
the next section, we discuss reasons why a reactor would be
operated at lower-than-nominal power.
During periods of availability there will still be short peri-
ods in which the plant is in shutdown, e.g., for maintenance or
small repairs. We denote the fraction of the time the plant is
not productive due to—planned or unplanned—maintenance
by μ, stressing that this only refers to short shutdowns in oper-
ational periods, and is therefore to be distinguished from the
availability.
During such short shutdowns the power consumption of the
plant is reduced, since there is no power needed to drive the
plasma current, but not zero, since the cryoplant and possibly
the cooling pumps and other auxiliary systems will continue to
run. This will be absorbed in the averaged recirculated power
fraction.
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Figure 1. The capacity factor and recirculated power fraction determine the reduction of the plant efficiency according to equation (1). The
shaded area represents the expectation values of fusion power plants based on the steady state tokamak concept, as estimated in sections 2
and 3 of this paper. Note how the combination of a high recirculated power and a modest capacity factor results in serious reduction of the
overall plant efficiency. In contrast, with a low recirculated power, more typical of conventional power plants or renewable energy
technologies, the plant efficiency does not depend on the capacity factor.
2.2. Causes for the capacity factor to be lower than one
While the fusion plant is designed to operate at nominal power
as much as possible, it is unavoidable that in practice the time-
averaged power output, without counting the periods when the
plant is not available, is less than that. Whereas the availability
is well discussed in the literature [7], cf, the fact that fusion
power plants will on average run below their nominal power is
not. Below we review several factors—some intentional and
some unavoidable—that may reduce the capacity factor of a
fusion plant:
• Load-following (intentional). If the network demands that
the power plant has some degree of flexibility to follow
demand, that brings down the average power. Load fol-
lowing always lowers the average output; variations above
the nominal power are not allowed for machine safety rea-
sons. Fusion power plants could, technically, vary their
output power [2], although this is not trivial, as discussed
in reference [8]. Yet, some capability of demand follow-
ing could be desirable, if only to stabilise the network
and reduce overall system costs [15]. As a reference we
recall that sources such as coal, natural gas and geother-
mal energy have capacity factors around 50%, mostly
because these are used to match demand fluctuations [9].
Storage could mitigate the effect of fluctuating demand,
but may be costly and inevitably leads to losses due to
conversion and leakage.
• Operating conditions (intentional). The nominal output
power is realised when the fusion reactor is operated
close to the operational limits, especially the density and
β-limits. For instance, the PPCS reactor models have
ambitious values for the working point, compared to
presently known operational limits. Any deviation from
this lowers the output power below the nominal level. Yet
the power needed to run the reactor, in particular to drive
the current and to cool the magnets, remains the same. One
may think of the period of starting up at the beginning
of each operational period, after each shut-down period,
when the plant will gradually be brought up to its full
potential.
• Small maintenance (planned and unplanned). Periods dur-
ing which there is no energy generation, but some of the
energy-consuming subsystems—most notably the cry-
oplant and possibly the coolant pumps—will continue
to operate [10]. This is captured by the maintenance
parameter μ.
• Deviation from ideal operating conditions (not inten-
tional). It may not be possible, in practice, to realise the
design values of all operational parameters at all times.
For instance, a deviation of the ideal fuel mix will reduce
the fusion power. Although the time and volume-averaged
fuel mix can be tuned by a control system, it may not be
possible to have the best mix everywhere at all times. In
particular, the means to control the fuel mix when fuelling
3
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Figure 2. Schematic of the operation of the fusion power plant, distinguishing periods of long shutdown (e.g., for periodic blanket
replacement), short shutdown (for maintenance) and power production. For several reasons, the output power varies in the latter periods,
resulting in an average output power lower than the nominal value. In this paper the capacity factor is evaluated as the average output power
during periods of availability, normalised to the nominal output. The effective recirculated power is the average over the same period. For
completeness the figure also indicates that also during long shutdown periods there will be some power consumption.
with relatively large pellets are limited. Other factors that
could influence the operations include the impurity con-
tent, which may evolve during an operational period due
to wear; and subtle effects in the transport of the reac-
tion product helium [11]. Another factor of relevance is
the degradation of the superconducting magnets under
cycling. Since the fusion power scales as the magnetic
field to the fourth power, even a few percent reduction
of the maximum field will subtract significantly from the
achievable output power.
2.3. Estimation of the expectation value of the capacity
factor
Having distinguished these factors, we may use them to esti-
mate a reasonable and realistic expectation value for the capac-
ity factor of a fusion power plant. To get an impression, we put
forward that for each of the different causes a 10% reduction of
output power would constitute a success. Yet, this would make
the plant run at about 65% of the nominal power. Especially
for the early generations of fusion power plants this may not
be a pessimistic estimate. To place this in perspective, we note
the capacity factor of fission plants was below 50% in 1970,
some 20 years after their introduction, and has gradually
improved over the 40 years that followed to reach the present
80%–90% [12]. In recent studies for the EuroFUSION DEMO
design, an expectation value of the capacity factor of only
0.2–0.3 is assumed [13, 14]. While DEMO precedes the first
generation of power plants, bringing the capacity factor up
from 0.2–0.3 in the demonstrator to a much higher value for
the first generation of commercial power plants will be chal-
lenge. Thus, 50% is not an unreasonable expectation value for
the capacity factor of early commercial fusion power plants.
In conclusion, there are several reasons why a fusion reac-
tor, on average, will run at a power significantly lower than its
nominal power. Because of the large uncertainty in estimat-
ing the capacity factor, we introduce the capacity factor χ as
a variable in our analysis, so that we can evaluate its influence
on the overall plant efficiency.
3. Effective recirculated power fraction
3.1. Definitions and breakdown
With reference to the PPCS, we consider the case of a con-
tinuously running tokamak fusion reactor which produces a
nominal thermal power Pth,nom, resulting in a nominal gross
electrical power output Pe,gross, nom given by
Pe,gross, nom = ηconvPth,nom. (3)
The total thermal power is generated by the fusion reaction
Pfusion in the reactor core and the additional power Pblanket,
generated in the breeding blanket, i.e.,
Pth = Pfusion + Pblanket. (4)
The recirculated power Pe,recirc is the electric power that the
plant itself uses to sustain its operation. With reference to
figure 2, we distinguish two groups of contributions to the
recirculated power: those that are on only when the reactor is
producing power, and those that are also on during the short
maintenance periods.
(a) Pe,recirc,op is needed only during a period of operation. A
large part of this is the electric power needed to drive the
toroidal plasma current
Pe,CD = ηCDPCD, (5)
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where PCD is the current drive power delivered to the
plasma, and ηCD is the wall-plug efficiency of the
current drive system. The current drive power Pe,CD
importantly does not scale with the output power, as the
reactor is designed to run a fixed values of current and
magnetic field (to good approximation, cf footnote 2).
This group also includes the electric power needed to
pump the coolant Pe,pump and all other forms of power con-
sumption—mostly relatively small—needed only during
operation. Note that in the case of helium cooling the
pumping power is considerable, typically estimated at
5%–10% of Pth [2, p 99]. Note that if the coolant is kept
running during the short maintenance periods, the pump-
ing power should be placed in group (ii), which increases
the effective recirculated power fraction.
(b) Pe,recirc,maint is kept on during short maintenance peri-
ods. This includes the power consumed by the cryoplant,
which cools the superconducting magnets, the heat shield
and the cryopumps. Group (ii) also encompasses all
other power needed to maintain the plant, the balance of
plant (BoP), including the active gas handling plant, the
operation of the hot cell, the heating and air-conditioning
of the plant buildings, the power demands of the computer
systems, the power demands of the many auxiliary sys-
tems such as the vacuum system, the diagnostics, pellet
injectors, etc.
This situation is represented by the two levels of recircu-
lated power in figure 2. Using the maintenance parameter μ
(defined above as the fraction of time during an available
period that the plant is unproductive due to, for example, short
maintenance), we define the recirculated power averaged over
periods of availability by
〈Pe,recirc〉 = (1 − μ)Pe,recirc,op + μPe,recirc,maint, (6)
and finally the effective recirculated power fraction f recirc,eff as
the ratio of the recirculated electric power and the nominal
gross electric power, averaged over a period of time between
major shutdowns:
f recirc,eff = 〈Pe,recirc〉 /Pe,gross,nom. (7)
We will use the effective recirculated power fraction in the
following evaluation of the plant efficiency.
3.2. Estimation of the expectation value of the effective
recirculated power fraction
Estimations for these power costs are given by the PPCS as
well as in various later studies [4, 6, 16]. We compared the
numbers for early PPCS models A and B and the model power
plants discussed in references [4, 6] and calculated f recirc,eff
using as much as possible the same set of assumptions for
all cases. These assumptions concern the current drive (wall
plug) efficiency (PPCS and Pamela et al [4] take 0.6, Stork [6]
takes 0.33; we have chosen 0.4 as an intermediary value); and
the BoP (we included consistent estimations for the cryoplant,
the pumping power, and auxiliary systems in all cases5). This
comparison is summarised in table 1. We conclude that for
a harmonised set of assumptions, all three studies come to
a comparable value of the recirculated power fraction during
operation.
In conclusion, drawing on various sources and estimations,
we find that for the continuous operation tokamak concept,
f recirc,eff should be expected to be in the range 0.4–0.6 for early
generations of fusion power plants. This estimation is reflected
by the shaded area in figure 1.
4. Plant efficiency
Thermodynamically, the plant efficiency ηplant is the ratio
between the net electric power that is delivered to the grid and
the total thermal power that is produced before it is converted








This definition is similar to that of PPCS, except that in PPCS
Ptherm only includes Pfusion and excludes Pbreed. It is a matter
of definition, but we choose to normalise the net output to
the total thermal power—that is, representative of thermody-
namic efficiency—since the power produced in the blanket is
(i) appreciable and (ii) an integral part of the plant economy in
that it also consumes fuel (lithium and beryllium).
With the definitions of the recirculated power fraction and
the capacity factor given above, equation (8) translates to
equation (1). As noted before, in the analysis of the fusion
power plant we must use the effective recirculated power
fraction, averaged over a period of time between major
shutdowns.
Figure 3 shows how the inclusion of the capacity factor in
the evaluation of the plant efficiency works out for the power
plant models in PPCS. We see that the early models A and
B are expected to have plant efficiencies well below 20% for
realistic values of the capacity factor. The advanced models C
and especially D are characterised by lower recirculated power
and are therefore less sensitive to the capacity factor, as long
as it remains above 50%.
5. Implication of plant efficiency on the economics
of fusion
The previous sections established how recirculated power and
capacity factor affect the efficiency of fusion power plants. The
efficiency ultimately determines the amount of electricity that
can be delivered to the grid and consequently the economic
performance of fusion power plants. One common indicator
5 To estimate the power demand of the cryoplant, we have scaled the power
demand with the to-be-cooled area (major radius of the reactor squared), start-
ing by identifying the cryoplant costs of ITER (30 MW) with that of PPCS
model D, which have comparable major radii. This is consistent with Pamela
et al [4]. We also note that PPCS gives a similar number, but chose to not
include it in the analysis because of the uncertainty.
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Table 1. Comparison of estimates of the recirculated power in references [2, 4, 6], where we
have applied consistent assumptions (in brackets the original numbers), showing a
recirculated power fraction between 0.4 and 0.6.
Pamela Stork PPCS-A PPCS-B
Coolant type Helium Helium Water Helium
Pfusion (MW) 2400 4500 5000 3600
Pthermal (MW) 2832 5587 5739 5004
ηconv 0.42 (0.55) 0.42 0.36 0.43
Pe,gross (MW) 1189 (1560) 2346 2066 2157
PCD (MW) 180 214 246 270
ηCD 0.4 (0.6) 0.4 (0.33) 0.4 (0.6) 0.4 (0.6)
Pe,CD (MW) 450 (300) 535 (644) 615 (410) 675 (450)
Pe,pump (MW) 200 350 110 375
Pe,BoP (MW) 60 120 (0) 120 (0) 100 (0)
Pe,recirc (MW) 710 (560) 1005 (994) 845 (520) 1150 (825)
f recirc 0.60 (0.36) 0.43 (0.42) 0.41 (0.25) 0.53 (0.38)
Figure 3. The plant efficiency of the models A to D of the PPCS, recalculated as a function of the capacity factor. Note that the values of
ηplant at nominal capacity (χ = 1) are lower than those in PPCS, which normalises the net output power to the thermal power generated in
the reactor core only, where we have included all thermal power, i.e. including the nuclear power generated in the blanket. For the
recirculated power calculation we used the same systematic as for the comparison in table 1, resulting in recirculated power fractions of
0.34; 0.5; 0.25 and 0.14 for the models A–D, respectively. Other relevant parameters are: current drive efficiency ηCD = 0.4; maintenance
parameter μ = 0.1 (i.e., the capacity factor cannot exceed 0.9).
for the economic performance is the levelised cost of electric-
ity (LCOE), which is defined as the average revenue per unit of
energy output expressed in $/MWh and represents the lifetime
average cost of energy for a specific power plant project. In a
simplified form, the LCOE is formulated as the cost to build
and operate a power plant over its lifetime divided by the total
power output of the plant over that lifetime. That is,
LCOE =
sum of costs over lifetime
sum of net electricity produced over lifetime
. (9)
This formula combines power plant ownership costs (cap-
ital and operating) and thermal performance (output and
efficiency). We note that in previous sections we have
restricted the analysis of the plant efficiency to the periods
in which the plant is available. For an accurate LCOE the
Availability (α) must be factored in as well.
Figure 3 shows that for the early PPCS models A and B,
efficiencies below 20% can be expected. For fusion power
plants, assuming the lifetime costs are to good approximation
independent of the power produced, the LCOE will—in first
approximation—be inversely proportional to α∗ηplant. Again
we stress that for a given realistic recirculated power fraction,
ηplant depends much more sensitively on the capacity factor
than might have been realised.
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Another important factor is the relatively high fraction of
the cost of capital of fusion power plants, due to the large
initial investment. Fusion plants have relatively low variable
cost, which is a good feature generally, but it magnifies the
impact of efficiency and availability on the LCOE.
Measures such as the LCOE are a useful tool to analyse
the competitiveness of fusion power once it is a well estab-
lished component of the energy mix, i.e., when the deployment
has reached the second or third generation of fusion plants,
the technological—and thereby the economical—risks have
been greatly reduced and the industrial capacity to produce
power plants is well developed.
However, as outlined in the introduction, the analysis in this
paper is especially pertinent to the first generation of power
plants. The low effective plant efficiency of early model fusion
power plants predicted in this paper, coupled to the expected
high investment costs as it is envisioned today [18], will
create a competitive disadvantage. This also underscored the
concern about the ‘valley of death’ in the development of
fusion power, which is the period while there is not yet a
return on investment, but when a large investment is neverthe-
less needed for the construction of early generations of fusion
reactors [19].
6. Discussion
This paper draws attention to the fact that a fusion reac-
tor, and certainly the first generation of fusion reactors,
must be expected to, on average, run at a power below the
nominal value. This has a number of consequences. First,
while it was already observed in [2, 17] and other liter-
ature that the recirculated power in a steady state toka-
mak reactor is undesirably high, it is the combination with
a low capacity factor that will lead to a strong reduc-
tion of the power plant efficiency, jeopardising its eco-
nomic viability. In practice, this means that it is impera-
tive to take all thinkable measures to cap the recirculated
power fraction. The continuously operating tokamak might not
be economically viable. As a consequence, the pulsed toka-
mak, possibly with a modest amount of current drive to stretch
the pulse, or—in time—the stellarator should be considered as
the baseline scenario for at least the early commercial power
plants.
A second consequence is that the economics of the reactor
are affected in various ways. The most natural way of express-
ing this is in the cost of electricity, which due to the recircu-
lated power fraction shows a much stronger dependence on
the capacity factor than the trivial reciprocal proportionality.
Especially when both the capacity factor and the recircu-
lated power approach 50%, the cost of electricity becomes
extremely sensitive to these parameters. This sensitivity is in
itself highly unwanted, if a business case has to be made.
In a similar vein, a reduction of the plant efficiency impacts
the energy payback time, i.e., the time a power plant must oper-
ate before it returns the energy invested in constructing it with
a cradle-to-grave system boundary [15, 20], and thereby the
attractiveness of fusion as a sustainable energy source.
Finally, the capacity factor affects the fuel cycle, in particu-
lar the tritium over-breeding. As the reactor requires the same
start-up tritium inventory independent of the capacity factor it
will achieve, the capacity factor directly affects the time the
reactor has to run in order to breed enough tritium to start the
next reactor [13].
Lower plant efficiency will drive up the LCOE, which
becomes very sensitive to the realised capacity factor. The
uncertainty of the achievable capacity factor, and thereby the
economic viability of the plant, could be expected to dis-
courage private investors to participate in owning and oper-
ating fusion power plants. Also in the public perception, a
large, complex and costly power plant which turns out to
perform poorly, would not contribute to the support for fusion
as an energy source. This would negatively affect govern-
ment support for the deployment of fusion power. This anal-
ysis therefore stresses the importance of the development of
plant designs with both low recirculated power fraction and
high capacity factor. This would, paradoxically, be most essen-
tial for the first generation of fusion power plants, precisely at
the moment when these requirements are hardest to meet. But
a failed first generation must be avoided if fusion is to see a
second generation.
7. Conclusion
A commercial tokamak-based fusion power plant will on
average operate below the nominal power, even when the
long shutdown periods for large maintenance are left outside
the averaging, resulting in a capacity factor lower than one.
Conventional and other renewable energy sources have low
recirculated power, so that the capacity factor is of little
concern. In this paper, we have shown how for fusion the
combination of high recirculated power and a low capacity fac-
tor drives down the plant efficiency significantly. We argue that
this will be a major concern for fusion power plants based on
a steady state tokamak concept. Low recirculated power and
high capacity factor will be crucial for the success of the first
generation of fusion power plants.
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